The selectivity and binding affinity to the biological target are traditionally considered in selecting a potential drug candidate. In the case of G-protein coupled receptors (GPCRs) the drug residence time is also thought to be a key factor. 1 The metal ions in metallodrugs can interact with donor atoms on a biological target via the formation of coordinate bonds rather than a combination of weaker intermolecular forces such as H-bonding, and there is an opportunity to tune this coordination chemistry by appropriate pairing of the metal ion and chelator, thus increasing the residence time. The chelator should form a high stability complex to retain the metal ion in vivo, and exchangeable ligands must be present to allow coordination of amino acid side chains. The chemokine receptor CXCR4 is the GPCR target in this work. It has a surface that is rich in aspartate and glutamate residues which bind strongly to transition metals.
The drug candidates we have investigated are bis-aza-macrocyclic compounds. The CXCR4 antagonist AMD3100 is the best known drug in this class (also called Mozobil or Plerixafor). 2 It was approved by the US FDA in December 2008 for use as a stem cell mobilizing agent to allow harvesting and transplantation of hematopoietic stem cells in patients with lymphoma and multiple myeloma, 3 and it has previously been investigated as an anti-HIV cell entry inhibitor. 4 The AMD3100 binding site on CXCR4 has been well characterized, 5 and its metal complexes studied, making it an excellent starting point for development of a novel optimized metallodrug. 6, 7 We have previously investigated the effect of configurational fixing of metallodrugs to provide only one chelator "shape" for binding. 8 The aim of this work is to apply the combined effects of optimized coordinate bond formation and structural rigidity to improve drug potency by increasing the time the compound stays bound to the receptor. A highly rigid chelator, with an open face of exchangeable ligands, will favor the metal coordination of carboxylate oxygen atoms from the aspartate or glutamate side chains of CXCR4; see Figure 1 . The inflexibility of the chelator should contribute to both the kinetic stability of the metal-chelator complex by inhibiting the dissociation process 9 and the drug-protein complex by providing a preorganized, optimized configuration of the drug.
Studies were carried out to confirm that the copper(II) complex of 3 binds to the CXCR4 chemokine receptor on Jurkat T-cells (which have ca. 140 000 CXCR4 receptors on the cell surface). 10 Competition binding assays showed that the drug was not displaced from the receptor site by anti-CXCR4 monoclonal antibodies. A proliferation assay was then carried out which showed no cyto- † University of Hull. ‡ 
To obtain an indication of how long the drug remains bound to the cell receptor using this type of assay, the inhibition of anti-CXCR4 antibody binding over time in a replicating population of cells was investigated. The cells were exposed to the drug molecule, the excess was washed away, and then the binding was monitored by flow cytometry using antibody competition assays; see Figure  2 . After 24 h the most significant drop in binding inhibition is observed for AMD3100 and by 48 h inhibition is only observed for [Cu 2 
3]
4+ . These data imply that the copper(II) complex of the configurationally fixed chelator 3 has an increased residence time at the CXCR4 chemokine receptor, which may correlate to an improved potency. shows improved potency which can be related to the receptor residence time as the experiment is carried out over a 5 day period. The difference in activity between [Cu 2 3] 4+ and AMD3100 can be attributed to the formation of coordinate bonds in the copper complex rather than the dominant H-bonding interactions for AMD3100. However, it is clearly not as simple as just incorporating a metal center to improve the drug interaction or improved properties would have been observed for [Cu 2 AMD3100] 4+ . The interaction with the metal center must be optimized, and so characterization of the coordination environment of the copper(II) ion is important.
It is most likely that the coordinate bond will form with the side chain from one of the exposed aspartate residues on the surface of the CXCR4 receptor. Therefore acetate bound salts of these copper complexes provide a useful model of the bonding interaction, and attempts were made to grow single crystals to gain precise geometric parameters using crystallography. The acetate salt of [Cu 2 
4+ could not be crystallized, and so crystals were grown of the analogous single ring copper(II) complex of 4. In [Cu4(OAc)]PF 6 , the copper(II) center adopts a distorted square based pyramidal geometry, bound to all four macrocycle nitrogens and one acetate oxygen, with the second acetate O donor at a nonbonded distance; see Figure 1 . The tetraaza-macrocycle is forced into a folded arrangement (cis-V) 12 by the ethyl bridge, and the ring nitrogens occupy three of the equatorial sites and the axial site, which is in contrast to the most stable of the four observed configurations for copper(II) cyclam complexes (trans-III) 12 that has the ring N atoms planar and bound in all four of the equatorial sites. On protein binding the most stable configuration of copper(II) AMD3100 would form a weaker axial bond to the aspartate side chain, whereas [Cu 2 
4+ forms a shorter, stronger equatorial coordinate bond. In conclusion, coordination chemistry provides strong interactions that can be used to improve receptor binding drugs, offering complementary options to multiple hydrogen bonds. The compound designed in this study has rigid chelator units optimized with an open face and suitable geometry to form strong coordinate bonds with the metal center. This improves the antagonist properties in competition with CXCR4 binding antibodies and its anti-HIV potency over the flexible chelator (AMD3100) and its copper(II) complex. Due to the high stability of radiolabeled bridged macrocyclic complexes, 13 we are investigating the 64 Cu labeling of 3, which could potentially be used for in vivo monitoring of levels of CXCR4 expression by PET imaging.
